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ABSTRACT 
During the passage of hurricane Frederic in 1979, four ocean current meter arrays in water depths of 100-
950 m detected both a barociinic and a depth-independent response in the near-inertial frequency band. Although 
the oceanic response was predominately barociinic, the hurricane excited a depth-independent component of 
5-11 cm S-I. 
The origin and role of the depth-independent component of velocity is investigated using a linear analytical 
model and numerical simulations from a 17-level primitive equation model with a free surface. Both models 
are forced with an idealized wind stress pattern based on the observed storm parameters in hurricane Frederic. 
In an analytical model, the Green's function (Ko) is convolved with the wind stress curl to predict a sea surface 
depression of approximately 20 cm from the equilibrium position. The near-inertial velocities are simulated by 
convolving the slope of the sea surface depression with a second Green's function. The barotropic current 
velocities rotate inertially with periods shifted above the local inertial period by I %-2% and the maximum 
amplitude of II cm S-I is displaced to the right of the track at x = 2Rmax (radius of maximum winds). 
The free surface depression simulated by the primitive-equation model is also about 18-20 cm. The primitive 
equation model simulations indicate that the vertical mean pressure gradient excites 10-11 cm S-I depth-
averaged currents atx = 3Rmax . The net divergence and convergence of the horizontal velocities induces vertical 
deflections of the sea surface. The spatial pattern of the barotropic amplitudes simulated by the numerical and 
analytical models differ by less than 2 cm S-I in the region 0 < x < 4Rmax> which suggests that the barotropic 
response to the passage of a moving hurricane is governed by linear processes. 
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1. Introduction 
The passage of a tropical cyclone or an atmospheric 
front excites energetic ocean currents as the wind stress 
injects momentum into the mixed layer. Although at-
mospheric forcing events excite currents and waves on 
a variety of space and time scales, ocean current and 
temperature measurements from moored current me-
ter arrays indicate that the predominant response is in 
the near-inertial waveband (Pollard 1970). The near-
inertial current and temperature oscillations excited 
by the passage of hurricanes have generally been ob-
served at only a few vertical levels at limited points in 
space (Mayer et al. 1981; Brooks 1983; Shay and Els-
berry 1987; Brink 1989). These near-inertial oscilla-
tions have 1 m S-1 mixed layer current amplitudes and 
the frequencies are shifted above the local inertial fre-
quency by 1 %-20%. 
Corresponding author address: Dr. Lynn K. Shay, RSMAS, Di-
vision of Meteorology and Physical Oceanography, University of 
Miami, 4600 Rickenbacker Causeway, Miami, Florida 33149-1090. 
© 1990 American Meteorological Society 
Shay and Elsberry (1987, hereafter referred to as 
SE) analyzed current and temperature time series from 
four moored, subsurface current meter arrays at dis-
tances of 3-5 radius of maximum winds (Rmax) from 
the track of hurricane Frederic in 1979 (Fig. 1). Three 
of these subsurface, current meter arrays were deployed 
by the U.S. Naval Oceanographic Office and were in-
strumented with 11 Aanderaa RCM-5 current meters. 
The subsurface arrays were configured with a flotation 
device (a subsurface buoy) located at 20 m below the 
surface or 1 m above the mixed layer current meter 
(not on the surface as described in Cooper and 
Thompson 1989). Although Aanderaa current meters 
are susceptable to measurement errors (Beardsley et 
al. 1981), this type of array design attempts to minimize 
contamination of the current meter records by the or-
bital velocities induced by surface waves (Sanford et 
al. 1987). 
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FIG. I. The path (circles) of hurricane Frederic in the northern 
Gulf of Mexico (Hebert 1979) beginning 12 UTC II Sep and ending 
03 UTC 13 Sep 1979. The boxes depict the NOAA data buoy 42003, 
the OTEC and three NAVOCEANO current meter arrays (CMA I, 
2 and 3). 
The observed ocean currents indicate the excitation 
of energetic near-inertial oscillations throughout the 
water column (Fig. 2). The increase in currents was 
first detected about 8-9 h before the point of closest 
approach. Mixed layer currents oscillated with mag-
nitudes of about 90 em S-1 whereas thermocline am-
plitudes were 25-30 em s -1 . Even at an Ocean Thermal 
Energy Conversion (OTEC) site at x = 5Rmax , an in-
crease in the current amplitudes was detected at 950 
m depth (not shown). Brooks (1983) found similar 
increases in the currents amplitudes throughout the 
water column during and subsequent to the passage of 
hurricane Allen. SE demodulated the current meter 
observations and expanded the data into a depth-av-
eraged current and the first two baroclinic modes. A 
possible criticism of the SE study is that the low mode 
amplitudes may include aliased higher-order baroclinic 
modes that could not be resolved by limited vertical 
sampling of the moorings. Thus, some uncertainty re-
mains as to whether the calculated near-inertial depth-
averaged current is real and is associated with the free-
surface effects, or is it an artifact of limited vertical 
sampling? 
Theoretical treatments of the ocean response to 
storms have been developed for the directly forced re-
gion, or near-field (Kajiura 1958; Geisler 1970; Ichiye 
1976), and for the far-field (Gill 1984). Kajiura (1958) 
studied the combined baroclinic and barotropic re-
sponse of the ocean to a moving hurricane using 
Green's functions. In a similar treatment, Geisler 
( 1970) used a linear, two-layer model to demonstrate 
that the oceanic wavelengths (A) induced by a moving 
hurricane are proportional to the product of the storm 
translation speed (Uh ) and the inertial period (IP). If 
the storm translation speed (Uh ) is greater than the 
first mode phase speed (C1), the oceanic response in 
the wake is dominated by baroclinic, near-inertial os-
cillations. Since the phase speed ofthe barotropic mode 
(co) will nearly always exceed the storm translation 
speed (except in very shallow water), there may also 
be a barotropic response. Although Geisler's solution 
for the barotropic response applied to the steady-state 
solution, there is a time-dependent barotropic response 
induced by the gradients in the sea-surface elevation. 
The focus here is the origin and role of the depth-
averaged current response induced by the passage of a 
hurricane, and especially the depth-independent cur-
rent oscillation that has a frequency in the near-inertial 
waveband. This mode is part of the barotropic trough 
discussed in Geisler ( 1970) and differs from the ele-
vation of the sea surface associated with the storm surge 
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FIG. 2. Along-track velocity time series at CMA3 from 7 Sep to 
25 Sep 1979. Time t = 0 corresponds to the time of closest approach 
of hurricane Frederic at 21 UTC 12 Sep. 
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due to the inverted barometric effect. A fundamental 
distinction is that the barotropic trough occurs in the 
storm's wake, whereas the storm surge moves with the 
storm center. 
The Chang and Anthes (1978), Adamec et al. 
(1981), Hopkins ( 1982), Price ( 1983) and Greatbatch 
(1983) numerical models of the baroclinic response to 
a translating hurricane, had a rigid lid at the sea surface, 
which eliminated the barotropic inertial response. 
Hopkins ( 1982) simulated the dynamic response to a 
model hurricane moving at the same translation speed 
as Frederic and found that the simulated mixed-layer 
currents agreed well with the Frederic observations. 
However, the thermocline currents were underesti-
mated by 12-15 cm s -1 in the model. This discrepancy 
between the simulations and observations was hypoth-
esized to be due to the neglect of the free surface. 
Price (1983) examined the baroclinic response in 
the wake of a hurricane using a multilayered primitive 
equation model and observations acquired during 
hurricane Eloise at the EB-IO buoy. Since the depth of 
the ocean exceeded 4000 m in that region, a rigid lid 
was imposed in the model. The amplitudes and phases 
of the simulated currents agreed fairly well with the 
observed ocean currents at 53 m. 
Chang ( 1985) was the first to model both the baro-
clinic and barotropic response to a hurricane. Because 
the barotropic mode propagates so quickly in a free-
surface model of the deep ocean (2000 m), small time 
steps must be taken to satisfy computational stability. 
This computational problem was circumvented by in-
troducing a mode-splitting technique. Cooper and 
Thompson ( 1989) used a multilayer, primitive equa-
tion model with a free surface and simulated the ocean 
response to hurricane Frederic. Although the response 
was predominantly baroclinic (-80% ), they found 
that the barotropic trough depression was about 20 cm 
in the wake of hurricane Frederic. 
The effect of the free surface on the near-inertial 
ocean current response is investigated here using sim-
ulations from linear analytical and primitive equation 
models. In the analytical model, the ocean is forced by 
the wind stress curl and the sea-surface elevation is 
obtained by convolving the wind stress curl with a 
modified Bessel function (Ko). A geostrophic current 
is obtained from the steady-state solution. To forma 
time-dependent solution, a second Green's function is 
found by solving the shallow water equations. This 
second Green's function is convolved with the spatial 
gradients of the sea surface slope to form a time-de-
pendent barotropic current response. The frequency 
and amplitude of the barotropic mode are calculated 
from this function. 
Simulations from the 17-level, primitive equation 
model indicate that both geostrophic and near-inertial 
currents are induced by the free-surface depression. 
Near-inertial amplitudes are isolated by demodulating 
the simulated velocities at a carrier frequency and cal-
culating the clockwise-rotating components (Mooers 
1973). The depth-averaged near-inertial current is 
compared to the SE observations from hurricane Fred-
eric and the analytical model. 
2. Forced model 
Kajiura ( 1958) examined the displacement of the 
free surface induced by a hurricane with both wind 
stress and atmospheric pressure gradients. However, 
explicit relationships for the time-dependent, ocean 
current velocities were not derived. The three-dimen-
sional velocity structure associated with the baroclinic 
response was derived in Shay et al. (1989) by extending 
the two-layer model of Geisler ( 1970) to a continuously 
stratified fluid following Kundu and Thomson (1985). 
In this section, the ocean's barotropic current response 
in the near-inertial frequency band is treated using the 
forced, shallow water equations. 
a. Linear theory 
A linear, inviscid homogeneous ocean with a flat-
bottom is assumed. The equations for a hydrostatically 
balanced ocean on an f-plane are 
au an 7 x 
--fv = -g-+-
at ax Hpo' 
( 1 ) 
av an 7 Y 
-+fu= -g-+-
at ay Hpo' (2) 
an + H[ au + av] = 0 
at ax ay , (3) 
where n is the sea-surface elevation and H is the ocean 
depth. The remainder of the variables are as defined 
in other treatments. The storm surge associated with 
the low atmospheric pressure center is outside the scope 
of this paper and will be neglected. 
Substituting (I) and (2) into (3), the governing 
equation for the sea-surface elevation is 
[~ + f2 - C02(~ + ~)]n at2 ax2 ay2 
= fH i: V X tdt + HV'7 (4) 
In the unforced case, equation (4) can be simplified 
into the dispersion relation for free barotropic motion 
(12 = f2 + c02K2, 
where (1 is the wave frequency and K2 = k 2 + f2 is the 
total horizontal wavenumber. These waves have O( 104 
km) wavelengths, rotate clockwise with frequencies 
close to the inertial frequency and ,P!Qpagate very 
quickly since the phase speed Co = V gH is typically 
O( 100 m S-I) (Gill 1982). 
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h. Model of the wind stress 
A common representation of a hurricane wind and 
wind stress distribution is the Rankine vortex ( Chang 
and Anthes 1978). The radial and tangential wind-
stress components are given by 
T" TO = -I T rm I, 1 TOm 1 
r 
Rmax 
, r < Rmax 
X (Rout - r) Rmax < r < Rout (Rout - Rmax) , 
0, r> Rout, 
where Rmax (radius of maximum winds) = 30 km and 
Rout (radius to the outer edge of the hurricane) = 200 
km. Since the maximum wind stress in Frederic ranged 
from 30-44 dyn cm -2 (Black 1983), the value specified 
in these simulations if 33 dyn cm -2. Although the wind 
stress curl exceeds 220 X 10-7 cm S-2 within ±Rmax , 
the decrease in curl is very rapid so that its length scale 
is 2Rmax (60 km for Frederic). Since hurricane Fred-
eric had an inflow angle of about 20°, the maxi-
mum stress divergence is about 40 X 10-7 cm S-2. 
c. Sea-sur/ace depression 
The motivation for this section is to demonstrate 
that the sea-surface depression (Geisler 1970) is driven 
by the wind-stress curl and stress divergence. Because 
the hurricane is assumed to be moving with speed Uh 
in the +y direction, the local time derivative may be 
transformed into a space derivative. The differential 
operator on the left side of ( 4 ) can be expressed as 
L2 = -( 1 - Uh2) ~ - ~ + ao2 
co2 ay2 ax2 
where ao is the inverse deformation radius (f/ co) as-
sociated with the barotropic mode, which is O( 10 3 
km). Since Co > Uh , the differential operator is elliptical, 
and substituting this expression into (4) yields 
fH foo H L217 = - -U 2 V X Tdy + 2: (V· T). 
hCO -00 Co 
A nondimensional coordinate system is adopted from 
Geisler ( 1970) 
, _ h ,_ 
( 
U 2)-1/2 
Y - I - co2 aoy, X - aox, 
which transforms the operator into 
The governing expression for the sea-surface elevation 
becomes 
H fOO H L'z17 = - f- V X Tdy + f2 (V. T). Uh -00 (5) 
The solution of the partial differential operator (L'z) 
involves double Fourier transforming and inverting an 
integral equation. The fundamental solution to the in-
version of the integral is represented by a Green's 
function that is a modified Bessel's function of order 
o (Geisler 1970) 
KO[(y,2 + X'2)1/ 2 ] .......::..::...:..:....----'---~ H(y' + x'). 
21r 
The modified Bessel function is appropriate because a 
hurricane can be approximated by an axisymmetric 
point source translating over the ocean and H(y' + x') 
represents a unit step function. 
To solve for the sea-surface displacement, the 
Green's function is convolved with the wind stress curl 
and stress divergence integrated over all source points 
(x', jl') within the region of forcing 
00 
17 = - _1_ II [foo V X TdY]Ko(r')dX'dY' 21rfUh -00 
-00 
00 
- 2~f2 I I (V· T )Ko(r')dx'dY'. (6 ) 
-00 
The modified Bessel function represents the kernel in 
the convolution and the argument is given by 
r,2 = a~2 [( 1 - ~::)(Y' - y,)2 + (x' - X')2] . 
In these convolutions, the limits of integration extend 
to ±6Rmax as in Shay et al. (1989). 
Geisler ( 1970) did not numerically evaluate the free-
surface depression or the barotropic trough induced by 
the passage of a hurricane. The sea-surface depression 
(Fig. 3) is determined by convolving the wind-stress 
forcing with the modified Bessel function as in (6). 
Although the combination of the wind stress curl and 
divergence depresses the sea surface by about 22 cm 
below the undisturbed level, most of the sea-surface 
depression ( 18 cm) is induced by the wind stress curl. 
For an inflow angle of 20°, the contribution by the 
stress divergence term is approximately 4 cm and is in 
phase with the contribution of the wind stress curl to 
the depression. The depression extends well beyond 
the ±6Rmax limits and decreases as e- iYi , which follows 
from an asymptotic expansion of Ko. 
d. Horizontal velocities 
The sea-surface slope induced by the wind stress curl 
and stress divergence excites both a steady solution and 
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FIG. 3. Sea-surface depression (cm) induced by the wind stress 
curl and divergence from the analytical model with a contour interval 
of 2 cm. The axes are scaled in terms of the radius of maximum 
winds Rmax (30 km) and the near-inertial wavelength A (580 km). 
The storm is moving northward along x = 0 at 6.5 m S-I. 
time-dependent velocity that rotates inertially. The 
governing equations for the barotropic horizontal ve-
locities are given in Pedlosky ( 1979) as 
To solve (7), the right side is replaced by a dirac delta 
function to represent a concentrated forcing function. 
The contributions of 7Jx and 7Jy represent the geostrophic 
velocity components that are subtracted from the other 
two terms. The equations are Fourier transformed in 
y and inverted to form an integral equation 
~ roo e-ilYdl 
21r Jo (a 2 -/2) 
where a = fl Uh • Notice that a, which is the product 
of the translation speed ( Uh ) of the hurricane and the 
Inertial Period (IP), is the inverse of the horizontal 
wavelength (A) -1 of the baroclinic response. This in-
tegral is recast into the cosine transforms and can be 
found in Erdelyi et al. (1954) 
1 roo e-ily dl 1 
21r Jo (a 2 -/2) = 4a sin(ay), 
which is a fundamental solution to the second-order 
differential operator. The fundamental solution is con-
volved with the forcing functions [F(x, y), G(x, y)] 
and integrated over the source region. These solutions 
are subject to radiation boundary conditions (Lighthill 
1967) such that u, v(±oo) - O. To satisfy radiation 
conditions, the damping term is 1 I VY' (where y' 
= yao) which was also found by Ichiye (1976). Note 
that the current velocities become unbounded and 
physically unrealistic when y' < 1. Consequently, the 
convolutions involve a term in the region of y' ~ 1 and 
the damped solution extends beyond y' > 1. Thus, the 
barotropic velocities are 
4~ LOoo sin[a(y - y)]F(x, y)dy, 
{~: + f2}U = - g {::;t - f :;} , u(x, y) = y' ~ 1 (8a) 
{~: + f2 }v = - g {:;;t - f :~} . 
Notice that wind stress terms do not explicitly appear 
in these expressions because only the baroclinic current 
is directly forced by the wind stress (Shay et al. 1989). 
The forcing terms for the time-dependent barotropic 
current are the spatial gradients of the sea-surface 
depression. The steadily moving storm assumption 
(not steady-state) allows the equations to be trans-
formed into 
[ 
a2 f2 ] g { a 27J a7J } 
ay2 + Uh2 u = - Uh2 U
h axay - f ay 
= F(x, y), 
1 g ro. - )] 6' 4f 1-00 sm[a(y - y 
X F(x,y)dy, y'> 1, 
v(x, y) 
4~ I:oo sin[a(y - y)]G(x, y)dy, 
y' ~ 1 
(8b) 
1 g fO . [ - )] 
-- sm a(y- y 6' 4f -00 
X G(x, y)dy, y' > 1. 
The most striking feature (Fig. 4) is the 11 cm S-1 
barotropic currents to the right of the storm track at x 
= 2Rmax • In modeling studies of the ocean's baroclinic 
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FIG. 4. The barotropic current (cm S-I) simulated from the ana-
lytical model. The length of the vectors is proportional to the mag-
nitude of the current according to the scale along the x-axis. The 
axes are scaled as in Fig. 3. 
response to a hurricane, maximum baroclinic currents 
. also are displaced to the right of the track by 2-3 Rmax 
by nonlinear advection (Chang and Anthes 1978) or 
resonance excitation (Price 1983). The wavelength of 
the barotropic oscillations is shifted above the wave-
length of the baroclinic response (A) by an amount 
proportional to ( 1 - Uh2 / C02 )-1/2. In a 610 meter deep 
ocean as in the Frederic observations of SE, the fre-
quency is shifted above the local inertial frequency by 
about 1 %. The decay of the barotropic current follows 
1 / V yao which is the same rate of damping as the baro-
clinic response (Geisler 1970). Therefore, some char-
acteristics of the forced barotropic currents on an f-
plane are similar to the forced baroclinic currents. Al-
though the observed response in the oceanic wake of 
hurricane Frederic is primarily baroclinic, the 11 cm 
S-I near-inertial barotropic component is about 30% 
of the total current response after one IP and 10%-
15% after 3 IP (SE). 
e. Model sensitivity 
A series of numerical experiments was performed to 
assess the sensitivity of the linear model to variations 
in the parameters (Table 1). The depth is varied from 
300 m to 4000 m to represent the shelf break region 
TABLE I. Summary of key parameters in linear model simulations 
for the barotropic response. 
Depth Co ao -I 1Jmax 
(m) (m 5- 1) (km) (m) 
300 54 766 30 
610 77 1092 22 
1000 99 1405 18 
2000 140 1985 12 
4000 198 2808 8 
and the deep ocean, respectively. The corresponding 
variations in the phase speed range from 54 m s -I to 
nearly 200 m S-I, which also changes the wavelength 
of the response because of the factor (1 - Uh2 / C02 ). 
The amplitude of the barotropic current decreases as 
the ocean depth increases, which explains the small 
amplitude of the barotropic current in the open ocean 
case (Brink 1989). 
To allow a direct comparison with the observations, 
the simulated currents are demodulated at a carrier 
frequency of 1.0 If to determine the amplitudes of the 
near-inertial currents. At x = 3Rmax , the initial am-
plitude of the barotropic current in 300 m of water 
exceeds 20 cm S-I, whereas the maximum amplitude 
is only about 2 cm s -I for depth of 4000 m, (Fig. 5). 
For a depth of 610 m as in the hurricane Frederic arrays 
of SE, the amplitudes at x = 0 and x = 3Rmax are 6 
and 11 cm S-I, respectively (a detailed comparison is 
shown below). The amplitudes of the barotropic cur-
rents in the 2000 and 4000 m depth experiments are 
significantly less than in the shallow water cases. Even 
though these results suggest that a barotropic current 
can be excited in the deep ocean by a moving hurricane, 
it is not clear that such a weak response can be detected 
by current meters (Beardsley et al. 1981). 
f Comparison to observations 
At x = 3Rmax , the maximum amplitudes of the ob-
served and simulated barotropic velocities are about 
10-12 cm s -lover the first 2 IP (Fig. 6), and are sig-
nificantly above the amplitudes that can be resolved 
by the current meters. Except for the 5 cm s -I minima 
near lIP, the simulated and observed amplitudes are 
within 2 cm S-I. Although the time series is relatively 
short, the predicted rate of decay also appears to be 
realistic based on the observational evidence. The 2 
cm s -I difference in Fig. 6b indicates that the vertical 
aliasing of higher order baroclinic modes is small and 
would be within the noise level of most current meter 
measurements. More importantly, the calculated 
depth-averaged current in hurricane Frederic (SE) is 
not an artifact oflimited vertical sampling; rather, the 
current is associated with the depression of the sea sur-
face. Therefore, the analytical model and observations 
indicate that hurricane Frederic excited a barotropic 
response in the near-inertial waveband with initial am-
plitudes of approximately 11 cm s -I . 
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FIG. 5. Simulated amplitudes of the barotropic current induced 
by a hurricane at x = 0 (upper panel) and x = 3 Rmax (lower panel) 
moving over an ocean with depths of 300 m (solid), 610 m (dot), 
1000 m (dash), 2000 m (chain-dash) and 4000 m (chain-dot). The 
abscissa is scaled in terms of the near-inertial wavelength A. 
3. Numerical model description 
Since previous ocean modeling studies have used 
ocean depths greater than 1000 m, the barotropic in-
ertial response has been neglected by imposing a rigid 
lid at the sea surface. Although the observations and 
the analytical simulations demonstrate that the wake 
of a moving hurricane has a significant barotropic cur-
rent, a more sophisticated model is required to isolate 
key physical mechanisms involved in the barotropic 
response. 
a. Governing equations 
A three-dimensional nonlinear, primitive equation 
model with a free surface and flat bottom has been 
developed to simulate the baroclinic and barotropic 
response to hurricane passage. The ocean is assumed 
to be hydrostatic, incompressible and on anf-plane at 
29°N. The governing equations are similar to those 
used in Chang ( 1985) for an axisymmetric model ex-
cept that these are in Cartesian coordinates 
au au au au 1 ap 
- = -u - - v - - w - - --
at ax ay az Po ax 
+ fV + KAu) + Kh(u), 
av av av av 1 ap 
-= -u--v-- w----
at ax ay az Po ay 
- fu + KAv) + Kh(v), 
ap ap ap ap 
- = -u - - v - - w - + Kz(p) + Kh(p), 
at ax ay az 
au + av + aw = 0, 
ax ay az 
ap 
az + pg = 0, 
20








FIG. 6. (a) Amplitudes of the observed barotropic current (solid) 
at CMA3 in hurricane Frederic (SE) and the barotropic current 
( dashed) from the analytical model at x = 3 Rmax and (b) the difference 
between the observed and simulated amplitudes. Notice the scale of 
the ordinate in (b) is half that of ( a). 
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where the terms Kz and Kh are the turbulent eddy dif-
fusivities in the vertical and horizontal directions re-
spectively. 
h. Model grid and storm 
A staggered Arakawa-C grid (Haltiner and Williams 
1980) is used with grid intervals (~x, ~y) of 20 km. 
The C grid has been shown to produce realistic phase 
and group velocities in the geostrophic adjustment 
process (Schoenstadt 1977). With 201 X 51 horizontal 
gridpoints, the model domain is 4000 X 1000 km with 
cyclic boundary conditions on the east and west sides 
and Neumann conditions on the north and south 
boundaries. A vertical grid with 17 levels is stretched 
for higher resolution in the upper ocean (~z = 10 m) 
and lower resolution (~z = 80 m) below the thermo-
cline (see Fig. 2 in Chang 1985). The total depth (H) 
is 610 m. Since the focus of this study is on the effect 
of the free surface on the response to hurricane Fred-
eric, variations in bottom topography are ignored. The 
slope mode model of Lai and Sanford ( 1984) used in 
SE and the primitive-equation model of Cooper and 
Thompson ( 1989) show that variations in the bottom 
topography affect the oceanic response in both the sub-
inertial and near-inertial wave bands. 
The model storm is represented by a Rankine vortex 
using the parameters observed in Frederic (see Table 
2). The center of the hurricane starts at 400 km west 
of the eastern boundary and moves westward at 6.5 m 
s -I to approximately 500 km east of the western 
boundary during the 132 h integration. Careful ex-
amination of the fields indicates that no significant 
wave energy reenters the domain through the cyclic 
boundaries. To simplify comparisons with the current 
meter observations in Frederic, the simulated data are 
rotated into a coordinate system with the storm moving 
to the north. Since the numerical model is on an f 
plane, beta-dispersion of inertial waves (Anderson and 
Gill 1979) is not possible. 
c. Mode splitting 
A rapidly moving barotropic mode will be excited 
since the primitive equation model includes a free sur-
TABLE 2. Air/sea parameters used in the numerical 
model for hurricane Frederic. 
Rmax(km) 
Tmax (Nt m-2) 
Vh (m S-I) 
h(m) 
g' X 10-2 (m S-I) 
b(m) 
IP (d) 













face. Thus, a special time-integration is required. To 
maintain numerical stability, the Courant-Frederichs-
Lewy condition is 
cn~t 1fi ~x < 2, 
where Cn is the largest phase speed to be resolved in the 
model. For a barotropic mode in 610 m of water, the 
phase speed ( co) is 77 m s -I , whereas the phase speed 
ofthe first baroclinic mode is 3 m S-I . For a grid spacing 
(~x) of20 km, the maximum time steps would be 267 
and 6667 s for the barotropic and first baroclinic modes, 
respectively. Hence, 25 time steps are required to in-
tegrate the barotropic mode for every baroclinic mode 
time step. 
Chang ( 1985) introduced a mode-splitting technique 
by subtracting the mean weight of the fluid (hydrostatic 
approximation) from the total pressure to form a rel-
ative pressure Pr(z). This term is decomposed into 
expressions for the mean relative and perturbation 
pressures 
( 10) 
where [ ) = H- 1 J ( ) dz represents a vertical average, 
~ is the density deviation (p - Po), 11 is the perturbation 
height of the ocean surface from a mean depth Hand 
Ps is the ocean density near the surface. 
The barotropic mode is treated separately in the 
momentum equations by dividing the current into a 
vertical mean and a perturbation. The vertical-mean 
pressure gradient force (a[Pr 11 ax) exerts the same force 
throughout the water column and excites the vertical 
mean currents. The perturbations of the relative pres-
sure gradient force (apr' / ax) excite the baroclinic part 
of the ocean response (Chang 1985). Since the free-
surface height enters into the pressure terms, a prog-
nostic equation for 11 has to be derived by assuming 
that w = 0 at z = - H and vertically integrating the 
conservation of mass equation 
al1 = _H(a[u) + a[v)) _ a(us ll) _ a(Vs l1) (11) 
at ax ay ax ay' 
where Us and Vs are the near-surface velocities. The 
magnitudes of the first two terms on the right side of 
( 11 ) are about an order of magnitude larger than the 
last two terms. 
The model is integrated forward in time using a 
leapfrog scheme and centered differencing in space with 
second-order accuracy (Chang 1985). As described 
above, there are two time steps: a 40 s time step for 
the barotropic integrations and a 1200 s time step for 
the baroclinic mode integration. The total time inte-
gration in the following simulations is 132 h or ap-
proximately 5 IP. 
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d. Initial stratification 
The model is initialized with a salinity-temperature-
depth (STD) profile acquired in the northern Gulf of 
Mexico at the Mobile OTEC site in the summer of 
1977 (Starr and Maul 1982). The maximum buoyancy 
frequency is 10 cph at 50 m, then decreases to about 
2 cph over 250 m and is 1.5 cph below 400 m (Fig. 
7). This profile closely resembles climatology and 
AXBT observations of Black ( 1983). 
e. Mixing effects and bottom drag 
In the Chang (1985) model, vertical mixing is pa-
rameterized using an eddy diffusivity Kz based on a 
mixing length (1m) and the Richardson number (Ri) 
{ 




v)I/2 1 2 
a 2 a2 m, Kz = Z Z 
0, Ri> 1, 
Ri < 1, 
where the gradient Richardson number is defined as 
. N2(Z) 
Rl(Z)= 2 2' 
Uz + Vz 
(12) 
and Uz and Vz represent the vertical shear of the current. 
Chang ( 1985) argues that this closure scheme produces 
better upwelling with the increased vertical resolution 
of the model. To save computation time, the mixing 
length is set to 30 m, which is the initial mixed layer 
depth and represents a rather large eddy scale. In a 
supplemental numerical experiment with 1m = 10 m, 
N (cph) 
















FIG. 7. Buoyancy frequency (cph) profile from an OTEC STD 
station to at 29°N, 88°W (Starr and Maul 1982). 
the model simulation after 24 h was very similar to 
that with 1m = 30 m. The vertical fluxes at the top and 
bottom boundaries of the ocean are assumed to be zero, 
except for the wind stress at the surface. 
The horizontal diffusion coefficient is defined as 
Kh = A 2ko2 [D12 + D22]1/2, 
where A is the horizontal grid interval, ko is the von 
Karman constant (0.41 ) and DI and Dz are the defor-
mations 
DI = (au _ av), 
ax ay 
With maximum currents of 2 m S-I, the maximum 
nondimensional horizontal diffusion coefficient 
(KhAt)/(AXAy) is 5 X 10-3 . This small horizontal dif-
fusion is sufficient to suppress computational instability 
that may exist in the numerical solution. 
The effect of drag in the bottom layer is included by 
adding a Rayleigh friction term - AU and - AV to the 
KAu) and KAv). The value ofA is 2.3 X 10-6 , which 
corresponds to an e-folding scale of five days. With an 
80 m bottom layer in the model, the bottom drag is 
about 30% stronger than used by Haidvogel and Brink 
( 1986). In these numerical simulations, the ocean re-
sponse is not very sensitive to the value of A. 
4. The simulated response 
a. Horizontal structure 
Maximum mixed-layer velocities of about 140 cm 
s -I (Fig. 8) are to the right of the storm at about x 
= 3Rmax , which agree fairly well with the mixed-layer 
currents at CMA3 in hurricane Frederic (see Fig. 2). 
The rightward bias of the maximum current response 
has been attributed to nonlinear processes (Chang and 
Anthes 1978; Price 1983). On the right side of the track, 
the clockwise rotation of the velocity vector induces a 
strong divergence and convergence of mixed-layer cur-
rents. Based on linear theory (Geisler 1970), the wave-
length of these divergent and convergent cells is 580 
km (Uh X IP). Notice the wavelength appears to be 
decreasing in the wake which may be associated with 
the geostrophic adjustment process. 
In the present simulations, the thermocline (285 m) 
currents are 1800 out of phase with the mixed-layer 
current at y = 0.5A (Fig. 8b). This phase reversal be-
tween the mixed-layer and thermocline currents in-
dicates that the mixed layer is forced by the wind stress 
whereas the thermocline processes are driven by pres-
sure gradient effects (Price 1983). As in the mixed layer, 
thermocline velocity vectors are elongated in the cross-
track direction on both sides of the storm track, which 
indicates divergence and convergence. The maximum 
near-inertial currents are 30 cm S-I, whereas the ther-
mocline current response to a Frederic-type forcing in 
the rigid-lid model of Hopkins ( 1982) was about 10 
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FIG. 8. Currents (cm s-') in (a) mixed layer and (b) thermocline (285 m) from the numerical model. The length of the vectors is 
proportional to the magnitude of the current according to the scale along the x-axis. The axes are scaled as in Fig. 3 with the storm center 
located at x = 0, y = O. 
cm S-I . Thus, free-surface effects induce an almost im-
mediate excitation of thermocline currents that are 
consistent with the observations (Fig. 2). 
Maximum vertical velocities at 90 m and 225 m 
(Fig. 9) are 0.08 cm S-I and 0.07 cm S-I, which are 
consistent with the vertical velocity of 0.06 cm S-I es-
timated from scale analysis (T maxi POUh) (Price 1983). 
Notice that the first cell of vertical velocity is upward 
and is followed by a cell of downward vertical velocity. 
In the wake, the alternating cells of upwelling and 
downwelling of water are found in the thermocline. 
After a few IP, the relative maxima of these cells is 
moving away from the storm track which is indicative 
of the horizontal dispersion of energy. 
b. Along-track sections 
The excitation of the ocean currents and tempera-
tures throughout the water column is shown in the 
vertical <:ross sections along x = 4Rmax (Fig. 10). To 
emphasize upper-ocean processes, the vertical coor-
dinate (0 is scaled using WKBJ theory 
d~ = (N(z)INo)dz, (13) 
where No is the vertically-averaged buoyancy frequency 
(1-2 cph). Because of the larger buoyancy frequency 
in the thermocline, the scaling stretches the grid spacing 
in the thermocline and shrinks it in the bottom layers. 
Within the first IP (y = A), the cross-track currents 
are excited throughout the water column with a current 
reversal at about (stretched) 90 m (Fig. 10). According 
to ( 12), an increase in the vertical current shear de-
creases the Richardson number to below the critical 
value, which causes a mixing of heat and momentum 
(Pollard et al. 1973). As vertical mixing continues, the 
depth of the current reversal increases to a maximum 
of 200 m after an IP. The phase of the current slopes 
upward, which is associated with a downward propa-
gation of energy (Leaman and Sanford 1976). This 
baroclinic process is evident in the increasing currents 
between 400-600 m depth, especially at y = 4.5A. 
Maximum thermocline velocities increase to 20-30 cm 
s -I near 5 IP with a similar upward phase tilt of the 
velocity at t = 1 IP. 
In the model, a rapid decrease in the mixed layer 
temperature occurs with 1-1.2°C maximum temper-
ature changes following storm passage (Fig. 10) at x 
= 4Rmax . The maximum decrease in mixed layer tem-
perature (1.6°C) occurs at x = 2Rmax (not shown), 
which is consistent with observations (Black 1983). 
Along the track, the cooling and warming oscillation 
is associated with the upwelling and downwelling cycles 
induced by the divergence and convergence of upper 
16 
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FIG. 9. Vertical velocities (em S-I) at (a) top of the thermocline (90 m) and (b) bottom 
of the thermocline (225 m) model. The solid (dashed) contours represent upward (downward) 
motion at an interval of 0.1 em S-I relative to the maximum values of 8 X 10-2 em S-I (90 
m) and 7 X 10-2 em S-I (225 m). The axes are scaled as in Fig. 3 with the storm center at x 
= 0, y = O. 
ocean currents. Farther from the storm center, hori-
zontal advection of temperature gradients also cause a 
warming and cooling cycle. Downward fluxes of heat 
from the mixed layer induce a warming of the ther-
mocline between 50-200 m. The bottom of the tem-
perature oscillation coincides with the zone of en-
hanced vertical current shear. 
c. Effects of the free surface 
In this section, key physical mechanisms that could 
not be resolved by the analytical model will be isolated. 
This allows for a more complete description of free-
surface effects on the oceanic wake during and subse-
quent to the passage of a hurricane. 
The three-dimensional and plan views of the free-
surface depression (Fig. 11) illustrates the barotropic 
trough described by Geisler ( 1970) plus a longer wave-
length oscillation. The maximum surface depression 
of20 cm is located along the storm track at y - 0.5A. 
The relative maxima in the surface depression are 
modulated by the near-inertial cycle. These free-surface 
oscillations have amplitudes of about 4-6 cm as in the 
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FIG. 10. (a) Cross-track component of current (cm s -I) from the numerical model at x 
= 4Rmax with positive (negative) components depicted as solid (dashed) contours at an interval 
of 10 cm S-I. (b) Temperature increases (decreases) are indicated by solid (dashed) contours 
with an interval ofO.2°C. The abscissa is scaled by the near-inertial wavelength A (580 km) 
and depth (0 is WKBl-stretched. 
simulations by Cooper and Thompson (1989). Al-
though the free surface is also depressed by 22 cm in 
the analytical model simulation, the surface depression 
is elongated in the along-track direction, which may 
be due to nonlinear processes in the numerical model. 
A larger scale wave in the free surface depression 
excited by the hurricane extends over the domain. This 
longer period oscillation, with maximum amplitudes 
of 2 cm, has a wavelength of approximately (2A) 1060 
km. As shown in Table 1, the barotropic deformation 
radius in a 610 m ocean is 1092 cm which is within 
30 km ( 1-2 grid intervals) of the wavelength of this 
larger barotropic wave. Thus, the relevant scale appears 
to the barotropic deformation radius instead of the free 
wave wavelength ofO( 10 4 km). 
According to (10), the spatial deformation in the 
free surface induces a change in the vertical mean pres-
sure gradient, which excites ocean currents throughout 
the water column. The negative and positive centers 
of the depth-averaged vertical velocity (Fig. 12) are 
associated with a net divergence and convergence of 
the depth-averaged currents. A maximum depth-av-
eraged vertical velocity of 8 X 10 -4 cm s -1 occurs 
slightly to the right of the storm track at about x 
= 1 Rmax. Although the initial wavelength of the cells 
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FIG. II. Three-dimensional (left panel) and plan (right panel) views of deviations in the free surface height ( cm) 
relative to an undisturbed height simulated by the numerical model. The axes are scaled as in Fig. 3. 
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FIG. 12. Vertical velocity at surface evaluated by vertically-integrating the conservation of 
mass equation over depth. The solid (dashed) contours represent upward (downward) motion 
with contour interval of 2 X 10-4 cm s-'. The axes are scaled as in Fig. 3. 
cent in the wake of the hurricane. Because of the short-
ness of the record (5 IP), the rate of damping cannot 
be accurately determined. 
To assess the contribution of the free surface slope 
on the ocean current simulations, the velocities (in-
cluding geostrophic and near-inertial) are calculated 
from the gradient of the free surface depression (Fig. 
13). On the right (left) side of the track, the maximum 
along-track components are 12-14 cm S-I in the di-
rection of ( opposite to) the storm movement. A time-
dependent velocity with an along-track wavelength of 
580 km also appears to be present within y = ±6Rmax • 
The maximum cross-track velocities (Fig. 13) are 
slightly weaker at 4-8 cm s -I with similar wavelengths 
of 580 km. Since these velocity components contain 
both the geostrophic and near-inertial contributions, 
the maximum is at a different location than the ana-
lytical model simulations of the near-inertial response 
in Fig. 4. The reason for this difference is due to the 
geostrophic component, which is subtracted from (7) 
of the analytical model. 
5. Near-inertial current analysis 
Since the simulations from the primitive equation 
model have many of the observed and modeled features 
shown in previous studies, they appear to have suffi-
cient veracity to justify a comparison with the Frederic 
observations. In particular, the free-surface model al-
lows for a deeper penetration of the hurricane-induced 
current response and an excitation of near-inertial mo-
tions than rigid lid models. In this section, the analysis 
of the simulations is focused on the response in the 
near-inertial wave band. 
a. Frequency analysis 
Price ( 1983) showed that the frequency shift of near-
inertial motions above the local Coriolis parameter 1 
depends on the mixed-layer (M) Burger number 
M = (1 + I/S2)g'h 
(2Rmaxf)2 
where S is the nondimensional storm speed (Uhl 
2Rmaxf), h is the mixed layer depth, and g' is the re-
duced gravity (values of the parameters are given in 
Table 2). The Burger number M measures the impor-
tance of the horizontal pressure gradient that couples 
the mixed layer to the thermocline. The shift in the 
frequency above the local inertial frequency is equal 
to M/2, or approximately 1.031 in the model simu-
lations. 
The simulated horizontal velocities at each model 
level are fit to a series of trial frequencies (0.9-1.2 f) 
to diagnose the frequency of the oscillations over a 5 
IP segment at x = 3Rmax (Mayer et al. 1981). The 
carrier frequency is defined to be the frequency that 
minimizes the covariance of the residual signals. The 
diagnosed frequencies are blue-shifted between 1 %-6% 
above the local inertial frequency. This blue-shift in 
the frequency is evident in the upper ocean as the car-
rier frequency slowly changes from 1.011 at the surface 
(5 m) to about 1.04-1.05 1 at 135 m. The analytical 
model accounts for about 80% of the mixed layer vari-
ance between 1.02 to 1.03 1 and for over 60% of the 
simulated current variability in the upper part of the 
thermocline. The mixed-layer Burger number of 1.031 
agrees with the diagnosed carrier frequency in the 
mixed layer. 
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FIG. 13. (a) Along-track and (b) cross-track current components associated with the sea-
surface depression in Fig. II. The solid (dashed) contours represent positive (negative) values 
at a contour interval of2 em S-I. The axes are scaled as in Fig. 3. 
b. CW-rotating currents 
The simulated velocity data are demodulated at a 
carrier frequency of 1.03! to isolate the near-inertial 
response. The technique is similar to that used in SE 
except that the data are filtered using a running inertial 
period mean because the simulated time series only 
extends 5 IP. Since the demodulation process yields 
four amplitudes (cosine and sine for each velocity 
component), the CW-rotating amplitudes can be ob-
tained following Mooers ( 1973). The motivation here 
is to show that there is a strong baroclinic and a sig-
nificant barotropic current in the near-inertial wave 
band in the numerical simulations. 
Vertical cross sections of the normalized CW-rotat-
ing amplitudes and phases are shown in Fig. 14 at 1.5 
and 4.5 IP following the passage of the model storm. 
The maximum mixed-layer currents of about 120 em 
S-I are located at x = 2Rmax, indicative of the rightward 
bias in the numerical modeL The velocity amplitude 
decreases to 20-30 em s -I across the enhanced shear 
zone between 75-100 m. Near-inertial amplitudes are 
about 10 em S-1 from 100-600 m. Although the CW-
rotating phase indicates a half-cycle difference between 
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the mixed layer and thermocline current response, only 
small phase differences occur between the thermocline 
and near-bottom levels. Thus, the initial response is a 
larger baroclinic component superposed on a smaller 
barotropic component. The initial current amplitudes 
simulated by rigid-lid baroclinic models are smaller at 
depth (Hopkins 1982). 
After 4.5 IP, maximum current amplitudes in the 
mixed layer are about 60 cm s -1 (Fig. 14b). The 10 
cm s -1 velocity in the upper part of the thermocline 
from 90 m at t = 1.5 IP has been displaced to 200 m. 
Significant amplitudes extend from -4Rmax < x 
< 6Rmax which indicates the dispersion of waves away 
from the track as part of the evolving, three-dimen-
sional response. The phases in the thermocline and 
bottom layers are separating, which implies upward 
phase propagation (Leaman and Sanford 1975). 
The simulated CW-rotating amplitudes of mixed 
layer velocities agree fairly well with the Frederic ob-
servations (SE) at about x = 3 Rmax (Fig. 15a). The 
maximum observed velocity amplitude is 90 cm S-1 
compared to a simulated amplitude of 100 cm S-I. 
The simulated amplitudes begin to decrease after only 
0.5 IP and decay over an e-folding time scale of 4-5 
IP. By contrast, the observed current amplitudes re-
main constant over the first 2 IP and then exponentially 
decrease. In the thermocline (250 m), the simulated 
amplitude has an initial maximum of 20 cm s -1 com-
pared to an observed amplitude of 26 cm S-I. The 
current amplitudes agree within ±2 cm s -1 ( - 10% of 
the signal) after t = 1.5 IP. However, the simulations 
of the thermocline currents by the rigid-lid model of 
Hopkins ( 1982) were about a factor of two less than 
the Frederic observations and the simulations here. 
Initially, the observed and simulated near-bottom cur-
rents agree fairly well with amplitudes of 18 cm S-I. 
After 2 IP, the effects of the bottom topography appear 
to be dominating the near-bottom (435 m) response 
(Lai and Sanford 1986). Even in a model with bottom 
topography (Cooper and Thompson 1989), correlation 
coefficients between the observed and simulated cur-
rents were about 0.5 which suggests complicated dy-
namics close to the ocean bottom. 
As shown in Fig. ISb, there is good agreement be-
tween the phases of the observed and simulated current 
amplitudes. Although the phases vary rapidly in time 
in the thermocline and bottom layers during the first 
2 IP, the phase shifts with depth remain constant af-
terward. Phase changes in time suggests that the fre-
quency of the forced oscillations may be changing 
slightly (Pedlosky 1979). In a response that contains 
both barotropic and baroclinic components, the dis-
persion of the waves from the forced regime may cause 
variations in the phase during the first few IP. 
c. Barotropic current response 
The simulated barotropic current is calculated by 
vertically-averaging the real part of the CW-rotating 
current amplitude as in SE (Fig. 16). The spatial pat-
tern of amplitudes is similar to the magnitudes of the 
barotropic current simulated by the analytical model 
(see Fig. 4). In particular, maximum amplitudes of the 
barotropic current along x = 3Rmax exceed 10 cm s -1 , 
which agrees well with the calculations at CMA3 by 
SE. Although the time series is short, the amplitudes 
decay gradually downstream, which is consistent with 
the observations and linear theory ( 1 / Vyao). One dif-
ference in the numerical model is that the lateral extent 
of the barotropic current response extends farther to 
the left and right of the track than in the linear simu-
lations. 
Differences (Fig. 17) between the analytical (in Fig. 
4) and the numerical (Fig. 16) model simulations are 
less than 2 cm S-1 between 0 < x < 4Rmax . This small 
residual indicates that a large part of the barotropic 
response in the near-inertial wave band is linear. The 
larger residual amplitudes (>2 cm S-I) on the left 
( -4 Rmax < x < 0) and on the right side (4 Rmax < x 
< 8Rmax) of the storm track are due to the larger am-
plitudes simulated by the numerical model. The ana-
lytical model simulation of the cross-track current may 
be damping too rapidly compared to the cross-track 
component simulated by the numerical model. These 
larger residual amplitudes on the periphery may also 
be associated with nonlinear processes in the numerical 
model. Another possible explanation is that the actual 
forcing in the analytical model is confined to too small 
a domain compared to the numerical model. 
6. Conclusions 
The original motivation for this study was to deter-
mine if the observed depth-averaged current in hurri-
cane Frederic in Shay and Elsberry ( 1987) was asso-
ciated with free-surface effects, rather than being an 
artifact of limited vertical sampling. However, the 
question of the barotropic ocean response to hurricanes 
is of more general interest. A linear model capable of 
simulating a barotropic response in the near-inertial 
wave band has been developed. The wind stress curl 
and divergence depress the sea surface to form a baro-
tropic trough (Geisler 1970). The vertical mean pres-
sure gradient associated with the sea-surface depression 
excites vertical mean currents. The net divergence and 
convergence of these currents then modulates the sur-
face depression on near-inertial time scales. 
The sea-surface depression may be simulated ana-
lytically by convolving a modified Bessel function with 
the wind stress curl and divergence. In the steady state, 
the sea surface slope induces a geostrophic current. To 
solve for the time-dependent current, the forced shallow 
water equations are transformed and inverted to find 
a second Green's function. The barotropic current os-
cillations are simulated from a convolution of the gra-
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FIG. 14. Cross sections of CW-rotating amplitudes (cm S-I) and phases (cycles) at (a) t = 1.5 IP and (b) t = 4.5 IP. The contour interval is 10 cm S-1 and the phases at 25 m (box), 90 
m (triangles), 175 m (circles), 285 m (squares) and 515 m (circle plus) are calculated relative to the mixed-layer amplitude at x = O. The depth (0 is WKBJ-scaled using (13) and the 
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FIG. 15. (a) Observed (solid) and numerically simulated (dashed) CW-rotating amplitudes (cm S-I); and (b) observed (box) and 
simulated (triangle) phases (cycles) in the mixed layer (25 m), thermocline (225 m) and near-bottom (435 m) at x = 3Rmax • Phase is 
computed relative to the mixed layer at y = 0 and the abscissa is scaled by A. 
These barotropic oscillations have a wavelength ( Uh 
X IP) similar to the baroclinic wavelength in the wake 
of a moving hurricane. The shift in wavelength and 
frequency is proportional to (1 - Uh 2 / Co2 ) -1/2, which 
is approximately 1 % above f. Maximum amplitudes 
of the barotropic current decrease from about 20 cm 
S-1 in a 300-m deep ocean to 2-3 cm S-1 in a 4000 m 
deep ocean. Maximum currents are displaced to the 
right of the storm track by 2Rmax and decay down-
stream as 1/ V yao, which is similar to the baroclinic 
response (Geisler 1970). In a 61O-m deep ocean, the 
simulated initial amplitudes of the barotropic current 
at x = 3Rmax are about 10-11 cm S-1 which is com-
parable with the 9-11 cm S-1 observed depth-averaged 
currents from hurricane Frederic. Over about 4-5 IP, 
the simulated barotropic amplitude is within 2 cm S-1 
of the observed depth-averaged current and suggests 
that the rate of decay in the model is consistent with 
the observational evidence (SE). Consequently, it is 
concluded that a barotropic current in the near-inertial 
waveband was excited by the passage of hurricane 
Frederic. 
A free surface has been incorporated in a multi-level, 
three-dimensional primitive equation model capable 
of simulating the combined barotropic and baroclinic 
response of a moving hurricane. The simulations of 
ocean currents and temperatures contain many of the 
features that have been previously observed (Black 
1983) and modeled (Chang and Anthes 1978; Price 
1983). The predominant feature is the rightward en-
hancement of the maximum current and temperature 
response that oscillates over near-inertial wavelengths 
(A). The maximum observed mixed-layer currents of 
120-140 cm s -1 are simulated fairly well by the model. 
The vertical velocity and temperature simulations in-
dicate regions of upwelling and downwelling associated 
with the divergence and convergence of upper ocean 
currents with a near-inertial wavelength. The alternat-
ing cells of positive and negative vertical velocities 
spread laterally in the wake as a result of energy dis-
persion. Intermittent mixing occurs in the model via 
Richardson number instabilities as a result of enhanced 
vertical shear between the mixed layer and thermocline 
current. 
Some marked differences are observed in the ther-
mocline response compared to previous model studies 
(Hopkins 1982; Price 1983). Thermocline currents are 
excited almost immediately to a maximum of about 
30 cm s -1, which is comparable to the current meter 
observations (see Fig. 2). In the rigid lid model of 
Hopkins ( 1982), the thermocline currents were 50% 
smaller than the observed currents and delayed by 0.5 
IP. Thus, inclusion of the free surface in the numerical 
model contributes to the realism of simulations of the 
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wake of a moving hurricane by allowing geostrophic 
and near-inertial velocities throughout the water col-
umn. There is also a larger scale barotropic wave ex-
cited by the hurricane that has an amplitude of 2 em 
S-I and a wavelength proportional to the barotropic 
deformation radius of 1090 km. 
The near-inertial response is isolated from the nu-
merical simulations by determining the carrier fre-
quency of the forced waves and demodulating the cur-
rent at 1.03 f (Otnes and Enochson 1978). The Fourier 
coefficients are combined to form CW-rotating ampli-
tudes and phases (Mooers 1973). The depth-averaged 
amplitude is about 10 em S-I compared to 9-11 em 
s -I derived from the observations. The evolution and 
downstream decay also agrees with both observations 
and analytical solutions. The spatial patterns of the 
barotropic amplitudes simulated by the analytical and 
numerical models are highly correlated, which suggests 
that the barotropic current response in the near-inertial 
wave band is governed by linear dynamics. 
Based on the combination of observations with sim-
ulations from analytical and numerical models, it is 
concluded that hurricane Frederic excited a significant 
barotropic current within the near-inertial wave band 
in water depths of about 600 m. As noted in SE, the 
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FIG. 16. Amplitudes (em S-I) of the demodulated velocities sim-
ulated from the primitive equation model simulations for the baro-
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FIG. 17. Difference in the barotropic amplitudes between the linear 
analytic and numerical models. The contour interval is 2 em S-1 and 
the axes are scaled as in Fig. 3. 
near-inertial wave wake of hurricane Frederic con-
tained energetic baroclinic components and a signifi-
cant barotropic current that is not just an artifact of 
limited vertical sampling. This barotropic response as-
sociated with free-surface effects can indeed contribute 
to the ocean current variability for the first few IPs 
following hurricane passage. 
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